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Abstract 
A band pass ΣΔ modulator using three different noise shaping based cross coupling techniques is proposed here. The effective 
use of time interleaving technique along with noise cross-coupling improves the performance of the modulator. Three variations 
of the conventional architecture are proposed - simple cross-coupling, extended cross-coupling and dual extended cross-coupling, 
which enhances effective order of noise shaping for a band pass modulator without significant overhead. By using extended 
cross-coupling and dual extended cross coupling architectures, the order of NTF is improved and it is evident that the proposed 
architectures shows a better in-band noise rejection with relaxed circuit specifications.  
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1. Introduction 
The mobility of any wireless communication system prefer the use of sigma – delta (ΣΔ) band-pass converters 
because of the low power capability1.But the fact that, the noise transfer function (NTF) has multiple zeros at the 
intermediate frequency, reduces the noise shaping effect when increasing the signal band. In order to accomplish 
realizable ΣΔ modulators for high bandwidth applications, a loweroversampling ratio (OSR) is preferred. 
 
 
*  Corresponding author. Tel.:+91-9447921486; fax:+91-484-2540361. 
E-mail address: paulanselv@aisat.ac.in 
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of the International Conference on Information and Communication 
Technologies (ICICT 2014)
1255 V. Paul Ansel et al. /  Procedia Computer Science  46 ( 2015 )  1254 – 1260 
The time interleaving (TI) technique offers an attractive solution for the high-speed communication applications 
to achieve high signal-to-noise ratio (SNR) atlow OSR using low-order modulators2. In the two path ΣΔ modulator3, 
two ADCs operate in parallel, using different clock phases and each path runs at 1/2 the sampling frequency and thus 
enables advantages of having low OSR in order to accomplish realizable ΣΔmodulators with elevated SNR, for high 
bandwidth applications. The two-path architecture achieves the same SNR of single-path architecture with a lower 
orderloop filter with benefits in terms of stability and complexity4 – 6.  
The noise cross-coupling technique is used to reduce the hardware requirement, where the part of the required 
NTF for a single path is attained from the other paths7. Hamidi et al. proposed an unextended and extended noise-
coupling techniques in TI cross-coupledΣΔ modulators to improve the effective order to (2N−1) in case of low-pass 
filter which is tried here to be emulated to the band pass counterpart. Jos et al. proposed an enhanced version of this 
named dual extended noise coupling techniques which further improves the effective order to 2N8. The idea of cross 
coupling is extended to the band pass9 – 12 ΣΔmodulators. 
In this paper we propose three architectures, namely simple cross-coupling, extended cross-coupling, and dual 
extended cross-coupling architectures for band-pass ΣΔ modulators. The paper is organized as follows. Section 2 
described simple cross-coupled architecture for band-pass ΣΔ modulators. Section 3 presents extended cross-coupled 
architecture for band-pass ΣΔ modulators and section 4 investigates a dual extended cross-coupled architecture for 
band-pass ΣΔ modulators. Section 5 analyses the behavioural level simulations of the proposed three schemes and 
compares with the conventional band-pass feedback ΣΔ modulator. Finally, the conclusions are made in section 6. 
2.  Cross Coupling Architecture for ΣΔ Band Pass Modulator 
Fig.1 shows the block diagram of the two path architecture of the proposed modulator. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each path forms a first order ΣΔ band pass modulator. Two auxiliary inputs are created by separating delay block 
from the integral operator and splitting the delay block itself, where the noisecoupled matrices are injected.The 
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Fig. 1. (a) Block diagram of the proposed cross coupled ΣΔ band pass modulator; (b) Block diagram of the first path of the proposed 
simple cross-coupling model 
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interpolation by 2, used to obtain the output at ௦݂, reduces the noise power of each path by 2. Therefore, the total 
noise power equals the noise power of a single path [4]. The quantization error (Ɛ) is computed by subtracting the 
input of ADC from the output of the DAC for each path. Quantization errors of paths are injected separately into 
two2-input, 2-output bank of coupling matrices K’, and K’’, respectively and the outputs of thisbank are coupled as 
shown in Fig. 1(a).The single path of the extended cross-coupling model is shown in Fig.1(b).  
The paths are using two non-overlapping phases of the main clock frequency ௦݂ and the output vectors ௜ܻሺݖሻ 
aremultiplexed (i.e., added) to generate the overall output sequence as 
 
 
 
 
 
 
where X(z) and Y(z) denote the Z-transform of x(n) and y(n), respectively, and E(z) represents the z-transform of 
the combined quantization noise sequence. 
2.1. Noise Transfer Function (NTF) Synthesis 
The NTF for the two-path cross coupled band pass modulator is obtained by applying transformation to low-pass 
transfer function  ௭
షభ
ଵି௭షభ .Two transformations were brought in. The first transformation is to make it band pass by 
applyingݖିଵÆെݖିଶand the second transformation to make it an N path structure by applying z Æെݖே, following 
the first transformation. Since here we concentrate on the two-path architecture, the second transformation applied is 
z Æെݖଶ . Therefore the transfer function becomes: 
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For a second order band pass modulator NTF is given by, 
 
ܰܶܨ ൌ ሺͳ ൅ ݖିଶሻଶ ൌ ͳ ൅ ݖିସ ൅ ʹݖିଶ 
 
As illustrated in Fig.1, the inherent feedback of the ΣΔ loop generates the term (1-ݖିସ) for each path. The 
additional terms ( ʹݖିସ ൅ ʹݖିଶ) should evolve from the other cross-coupled path in order to complete the NTF. 
That is, 
 
[ͳ െ ݖିସሿ ൅ ሾʹݖିସ ൅ ʹݖିଶሿÆͳ ൅ ݖିସ ൅ ʹݖିଶ 
 
A part of NTF is evolved from the other cross-coupled paths is brought about in the block diagram using the 
coupling matrices K’ and K’’. In order to get the second order band-pass NTF the matrices K’ and K’’will be  
 
 
 
 
3. Extended Cross Coupling Architecture for ΣΔ Band Pass Modulator 
The proposed model is an enhancement of simple cross-coupling architecture explained in the previous section. 
This architecture gives an effective NTF order of three, with a small change in the coupling matrices. The block 
diagram in Fig.1(a) stays the same for the model, with modified coupling matrices K’ and K’’. 
For a third order modulator  
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ܰܶܨ ൌ ሺͳ ൅ ݖିଶሻଷ= ͳ ൅ ͵ݖିଶ ൅ ͵ݖିସ ൅ ݖି଺, 
 
The inherent feedback of the ΣΔ loop generates the term (1- ݖିସ) for each path. The additional termsݖି଺ ൅
Ͷݖିସ ൅ ͵ݖିଶis obtained from the other cross-coupled paths in order to complete the NTF. The matrices K’ and K’’ 
will be 
 
 
 
 
The single path of the extended cross-coupling model is shown in Fig.2.  
 
 
 
 
 
 
 
 
 
 
4. Dual Extended Cross Coupling Architecture for ΣΔ Band Pass Modulator 
The model proposed here, which is also an enhancement of simple cross-coupling architecture explained in 
section 2. This architecture gives an effective NTF order of four with a further change in the coupling matrices. The 
block diagram in Fig.1(a)stays the same for this model also, but with modified K’ and K’’. 
For a fourth order modulator, 
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The inherent feedback of the ΣΔ loop generates the term (1- ݖିସ) for each path. The remaining termsݖି଼ ൅
Ͷݖି଺ ൅ ͹ݖିସ ൅ Ͷݖିଶis obtained from the other paths in order to complete the NTF. Here K’ and K’’ will be 
 
 
 
 
The single path for this model is shown in Fig.3. 
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Fig.2. Block diagram of the first path of the proposed extended cross-coupling model 
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5. Simulation Results 
5.1. Output spectra of the three models 
Simulations of the proposed models were carried out using MATLAB with bandwidth set to 4 MHz and an OSR 
of 107. The results obtained for the proposed schemes are depicted in Fig.4. The improvements in SNR with each of 
the proposed architectures are evident from the figures.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                a                                b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.Output Spectrum (a). PSD of a simple cross coupled model; (b). PSD of an extended cross coupled 
model; (c). PSD of a dual extended cross coupled Model 
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Table 1. depicts the results of the simulations done for the proposed models which confirm improvement in the 
SNR.  
Table 1. Comparison between Models 
Model BW OSR Quantizer 
Bits 
SNR 
Simple Cross Coupled 4MHz 107 2 62.0 
Extended Cross Coupled 4MHz 107 3 72.5 
Dual Extended Cross Coupled 4MHz 107 4 77.9 
 
5.2. Comparison of the proposed models with the conventional Band pass ΣΔ Modulator 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The spectrum of the three proposed architectures is shown in Fig.4 and performance comparison of the proposed 
band-pass ΣΔ modulator architectures with conventional band-pass feedback architecture is shown in Fig. 5. The 
comparison is performed using the results obtained in the behavioural simulations carried out. Fig. 4a illustrates the 
output spectra of simple cross-coupled band-pass ΣΔ modulator. Fig.4(b). shows the output spectrum of the extended 
architecture and Fig. 4(c). portrays the output spectrum of dual extended structures. 
Fig.6. shows the detailed comparison of the architectures with the conventional model. For the conventional 
band-pass ΣΔ modulator SNR is less when compared to the proposed architectures. But, the detailed figure shows 
more pass-band noise suppression for the conventional band pass ΣΔ modulator which should reflect as a higher 
SNR. The signal harmonics at higher frequencies is the reason for bringing down the SNR and its performance, 
which is dealt with in all the three architectures proposed in this paper. 
The effective NTF order obtained for simple architecture is 2, and that of extended architecture is 3. NTF order of 
the dual extended architecture is 4 and it is evident that the noise shaping improves with the three architectures when 
compared to the conventional band pass feedback architecture. 
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6. Conclusion 
Three architectures for effective noise shaping in band-pass ΣΔ modulators are proposed namely simple cross-
coupling architecture, extended cross-coupling architecture and dual extended cross-coupling architecture. The 
proposed architectures achieve an increased NTF order, which has been demonstrated by behavioral simulations. 
One of the major draw-back in the conventional band pass ΣΔ modulator, presence of signal harmonics, is mitigated 
using the proposed enhanced noise shaping architectures is also illustrated in the paper. The practical 
implementation does not require any extra integrator and hence capable of greatly relaxing the circuit complexity. 
The time interleaving concepts along with the reduced hardware requirement of the proposed modulator 
demonstrates its potential for low power, high bandwidth, higher performance wireless communication applications. 
References 
1. Salo T, Hollman T, Lindfors S, Halonen K. A dual-mode 80 MHz bandpassΣΔ modulator for a GSM WCDMA IF-receiver, IEEE Int. Solid 
State Circuits Conf. Dig. Tech. Pap 2002; p.218-219. 
2. Lee KS, Maloberti F. Time-interleaved sigma-delta modulator using output prediction scheme, IEEE Trans. Circuits Syst. II, Exp.Briefs 2004; 
51 (10), p. 537–541. 
3.  Bilhan E, Maloberti F. A wide-band 2-path cross-coupled sigma delta ADC, Proc. IEEE Int. Symp.Circuits Syst., 2008; p. 1220–1223. 
4. Gharbiya A, Johns DA. Time combining multipath and single path time-interleaved delta-sigma modulators, IEEE Trans.Circuits Syst. II, Exp. 
Briefs 2008; 55 (12), p. 1224–1228. 
5. Pamarti S. The effect of noise cross-coupling on time-interleaved delta-sigma ADCs, IEEE Trans. Circuits Syst. II, Exp. Briefs 2008; 55 (6), p. 
532–536. 
6. Bernardinis G et al. A wide-band 280-MHz four-path timeinterleaved bandpass sigma-delta modulator, IEEE Trans. Circuits Syst. I, Reg. 
Paper 2006; 53 (7), p. 1423–1432. 
7. Hamidi B, Miar H. Extended Noise Shaping in Sigma-Delta Modulator Using Cross-Coupled Paths, IEEE Trans. Circuits Syst. I,Reg. Papers 
2014; 61 (6), p. 1675-1686. 
8. Prakash J, Babita R, Jimson M. A Low-Power Reconfigurable Cross-Coupled Σ-Δ Modulator for Multi-standard Wireless Applications, 
Advances in Computing and Communications (ICACC), 2014 Fourth International Conference on 2014; p.130-133. 
9. Galdi I, Bonizzoni E, Maloberti F, Manganaro G, Malcovati P. Two path Band Pass, Proc. ESSCIRC, p. 248 2007. 
10. Ying F, Maloberti F. A mirror image free two-path band pass ΣΔ modulator with 72dB SNR and 86dB SFDR, IEEE Int. Solid State Circuits 
Conf. Dig. Tech. Pap. 2004; 1, p.84-85. 
11. Adrian K. Ong, Bruce AW. A two-path band pass ΣΔ modulator for digital IF Extraction at 20MHz, IEEE J.Solid-state circuits 1997; 32 (12), 
p. 1920-1934. 
12. Colonna V, Gandolfi G, Stefani F, Baschirotto A. A10.7MHz self-calibrated switched capacitor based multibit second order bandpassΣΔ 
modulator with on-chip switched buffer, IEEE J. Solid-state circuits 2004; 39 (8), p. 1341-1346. 
 
2.12 2.125 2.13 2.135 2.14 2.145 2.15 2.155 2.16
x 108
-200
-180
-160
-140
-120
-100
-80
-60
-40
-20
0
Combined PSD of all proposed Band-Pass Sigma-Delta Modulators (detail)
Frequency [Hz]
PS
D 
[dB
]
 
 
Conventional band Pass
Cross Coupling
Extended Cross Coupling
Dual Extended Cross Coupling
Fig. 6. Detailed comparison of the proposed architectures with conventional band pass feedback 
architecture. 
